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 2 

Abstract 1 

Background and Objec]ve 2 

Prostate cancer (PCa) is a heterogeneous disease, impeding early detec]on and risk 3 

stra]fica]on. Liquid biopsies (LBx) enable minimally invasive tumor profiling, but circula]ng 4 

tumor-derived DNA (ctDNA) detec]on remains difficult, especially in early-stage PCa. This 5 

study aimed at developing a mul]modal LBx approach, analyzing genomic and epigenomic 6 

cell-free DNA (cfDNA) features in plasma and urine from newly diagnosed PCa pa]ents for 7 

early detec]on, tumor characteriza]on, and risk stra]fica]on of aggressive PCa. 8 

 9 

Methods 10 

Plasma and urine samples were included from 55 localized PCa (lPCa) pa]ents, 18 advanced 11 

PCa (aPCa) pa]ents, and 36 cancer-free controls. Low-coverage whole-genome sequencing 12 

and methylated DNA immunoprecipita]on sequencing were performed to assess 13 

fragmenta]on, chromosomal instability, and methyla]on in cfDNA.  14 

 15 

Key findings and Limita]ons 16 

The complementary (epi)genomic analysis of plasma and urinary cfDNA achieved a 45% 17 

ctDNA detec]on rate in newly diagnosed PCa. Major differences were observed between aPCa 18 

and controls, reflec]ng increasing signals with tumor progression. Epigenomic cfDNA features 19 

differen]ated lPCa from aPCa, and ctDNA was detected in 46% of PCa pa]ents with prostate-20 

specific an]gen <10 ng/ml, sugges]ng poten]al for risk stra]fica]on. However, sensi]vity in 21 

early PCa remains a major limita]on. 22 

  23 
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 3 
 

Conclusions and Clinical Implica]ons 24 

This study highlights the poten]al of mul]modal LBx approaches, integra]ng genomic and 25 

epigenomic cfDNA features, for minimally invasive characteriza]on of primary PCa and 26 

poten]al metastasis at ini]al diagnosis. While promising for risk stra]fica]on, sensi]vity 27 

requires op]miza]on for early detec]on. Incorpora]ng LBx into clinical workflows could 28 

complement diagnos]cs and support clinical decision-making for personalized treatments 29 

tailored to pa]ents’ PCa risk profiles.  30 
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1 Introduc(on  31 

Prostate cancer (PCa) is a clinically and molecularly heterogeneous disease, impeding risk 32 

stra]fica]on and treatment decisions1,2. Current diagnos]cs provide limited insight into 33 

tumor heterogeneity3, highligh]ng the need for addi]onal biomarkers to enable more precise, 34 

pa]ent-tailored management. Liquid biopsy (LBx) facilitates molecular characteriza]on of the 35 

tumor and its metastasis, allowing for non-invasive monitoring of tumor progression4,5. The 36 

analysis of cell-free DNA (cfDNA) is a well-established approach for the detec]on of genomic 37 

altera]ons, indica]ng the presence of circula]ng tumor DNA (ctDNA) and enabling tumor 38 

burden es]ma]on6. CtDNA detec]on in PCa is challenging, due to overall limited ctDNA 39 

shedding and muta]onal burden7,8. Epigenomic profiling holds promise for early tumor 40 

characteriza]on, given the early occurrence and ]ssue specificity of epigenomic changes, such 41 

as DNA methyla]on9,10. CfDNA fragmenta]on panerns were equally shown to harbor tumor-42 

specific informa]on and reflect ctDNA levels11-13. This study developed a mul]modal LBx 43 

approach, analyzing (epi)genomic cfDNA features with low-coverage whole-genome 44 

sequencing (lcWGS) and cell-free methylated DNA immunoprecipita]on sequencing 45 

(cfMeDIP-seq) in plasma and urine of newly diagnosed PCa pa]ents and individuals without 46 

cancer. The complementary analysis aimed to improve ctDNA detec]on, suppor]ng tumor 47 

characteriza]on and early risk stra]fica]on.  48 
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 5 
 

2 Materials and Methods 49 

The Supplementary Material provides detailed descrip]ons of all method sec]ons.  50 

 51 

Study pa]ents 52 

Seventy-three PCa pa]ents at ini]al diagnosis and 36 cancer-free controls were recruited at 53 

Heidelberg University Hospital (June 2021 – November 2022). The control cohort included 54 

men undergoing PCa screening or treatment for benign urological condi]ons. Blood and urine 55 

samples were collected prior to examina]ons, i.e., prostate biopsy or surgery. All individuals 56 

provided informed consent; the study was approved by the ethic comminee of the Medical 57 

Faculty of Heidelberg University (S-130/2021). 58 

 59 

Sample prepara]on and sequencing 60 

Peripheral blood and urine were processed by double-spin centrifuga]on within 6 hours. 61 

CfDNA was isolated from 1–5.5 ml of plasma and 9.5–19 ml of urine supernatant, respec]vely, 62 

using the QIAamp MinElute ccfDNA Kit (Qiagen). Eight fresh-frozen PCa ]ssue samples were 63 

provided by the Tissue Bank of the Na]onal Center of Tumor Diseases (NCT) Heidelberg. 64 

Genomic DNA (gDNA) from PCa ]ssue and matched buffy coat was extracted using the AllPrep 65 

DNA/RNA/Protein Mini Kit (Qiagen). Libraries were prepared from 2.4–7 ng cfDNA or 100 ng 66 

gDNA, using the KAPA HyperPrep Kit (Roche) with NEBNext UDI-UMI Adaptors (New England 67 

Biolabs), followed by a methylated DNA immunoprecipita]on workflow14. One part of the 68 

volume was not enriched. Enriched and non-enriched libraries were amplified for 12-13 69 

(gDNA: eight) and 8–9 (gDNA: six) cycles of polymerase chain reac]on, respec]vely, pooled 70 

equimolarly, and paired-end sequenced (2×100 bp) on the NovaSeq 6000 plasorm (Illumina). 71 

 72 
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Sequencing data analyses 73 

Raw sequencing data was processed with a custom pipeline, including adapter trimming, 74 

alignment to human genome (hg19), deduplica]on, and quality filtering. LcWGS data (non-75 

enriched libraries) was applied for cfDNA fragmenta]on analysis, chromosomal instability 76 

analysis (CIA), and for copy number profiling with tumorfrac]on (TFx) es]ma]on using the 77 

ichorCNA algorithm15. Genome-wide methyla]on profiling was performed based on the 78 

(cf)MeDIP-seq data, using the R package MESA v0.2.216. Differen]ally methylated regions 79 

(DMRs) were assessed in plasma and urine between tumor pa]ents and controls. DMRs were 80 

iden]fied in PCa ]ssue rela]ve to matched buffy coat, and validated using a published 81 

dataset17 to determine PCa-specific methyla]on markers. A synop]c methyla]on score was 82 

calculated for LBx samples based on these markers. The following (epi)genomic features were 83 

applied for ctDNA detec]on: TFx, CIA score, methyla]on score, 10bp-oscilla]on score 84 

(plasma) and P163–169bp (urine).  85 

 86 

Sta]s]cal analyses and data visualiza]on 87 

Sta]s]cal analyses were conducted in R v4.0.018; plots were generated using R package 88 

ggplot219. Sta]s]cal significance was assessed using the Kruskal-Wallis test with Dunn’s post 89 

hoc test, Wilcoxon rank-sum test, Fisher’s exact test, and Spearman’s correla]on. P values 90 

were adjusted with Benjamini-Hochberg‘s method. Cumula]ve frequency distribu]ons of 91 

cfDNA fragmenta]on were compared with Kolmogorov-Smirnov tes]ng. Significance was set 92 

at (adjusted) p < 0.05, unless stated otherwise. The ctDNA detectability threshold for all 93 

evaluated (epi)genomic markers was defined as >95th percen]le (10bp-oscilla]on score: <5th 94 

percen]le) of the control cohort.   95 
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3 Results 96 

Pa]ent characteris]cs 97 

Seventy-three pa]ents with newly diagnosed PCa and 36 cancer-free controls were enrolled 98 

(Table 1). The majority (75%) had localized disease, while 25% presented with lymph node or 99 

distant metastases. LcWGS and (cf)MeDIP-seq were performed on 109 plasma and 102 urine 100 

samples (Table 1), as well as on PCa ]ssue and matched buffy coat samples from eight PCa 101 

pa]ents.  102 

 103 

CfDNA methyla]on panerns dis]nguished metasta]c from non-metasta]c PCa and controls 104 

Genome-wide methyla]on profiling in LBx was conducted to detect tumor-informa]ve 105 

regions with aberrant cfDNA methyla]on. Differen]al analysis revealed no significant DMRs 106 

between all PCa samples and controls (Supplementary Table S2). However, metasta]c PCa 107 

(mPCa) samples showed dis]nct methyla]on panerns in both plasma and urine compared to 108 

controls and non-mPCa. In plasma cfDNA, 712 DMRs were iden]fied in mPCa compared to 109 

controls, and 890 DMRs in mPCa vs. non-mPCa (Fig. 1A). Overlapping these sets revealed 445 110 

shared DMRs, including 392 hypermethylated and 21 hypomethylated regions in mPCa 111 

(Supplementary Table S2 + Figure S1). In urinary cfDNA, only few DMRs were iden]fied: 48 in 112 

mPCa vs. controls and 64 in mPCa vs. non-mPCa, with 16 overlapping regions (13x 113 

hypermethylated, 3x hypomethylated; Fig. 1A; Supplementary Figure S1). Comparison of 114 

DMRs in plasma and urine revealed eight shared regions in mPCa vs. controls, and seven in 115 

mPCa vs. non-mPCa, including three iden]cal hypermethylated regions, associated with the 116 

genes SOX2-OT, ZBTB46, and PTPRN2 (Fig. 1A). 117 

  118 
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 8 
 

PCa ]ssue methyla]on markers were elevated in LBx from PCa pa]ents 119 

Genome-wide differen]al methyla]on analysis was performed in PCa ]ssue and matched 120 

buffy coats to iden]fy PCa-specific methyla]on panerns. Overall, 32,146 significant DMRs 121 

were iden]fied, including 6015 hypermethylated (logFC > 2) and 1364 hypomethylated (logFC 122 

< -2) regions (Fig. 1B; Supplementary Figure S2). Most were located in introns and distal 123 

intergenic regions. Promoters accounted for 13% of hypermethylated and 6% of 124 

hypomethylated DMRs.  125 

 126 

The 6015 hypermethylated DMRs were compared with a published MEDIP-seq dataset17, 127 

repor]ng 100 top-ranked DMRs (only hypermethylated) between 51 primary PCa and 53 128 

normal prostate ]ssue samples. Sixty-seven shared regions were iden]fied (Fig. 1B), 129 

predominantly located in introns (33%) and promoters (29%), with methylated CpGs mainly 130 

occurring inside CpG islands (Fig. 1C). Three intronic regions were associated with PTPRN2. 131 

Further valida]on using an external cfMeDIP-seq dataset of 133 plasma samples20 revealed 132 

that metasta]c castra]on-resistant PCa (n = 103) clustered separately and demonstrated 133 

higher heterogeneity than localized PCa (lPCa, n = 30) based on methyla]on levels in these 67 134 

regions, confirming their relevance as PCa biomarkers, par]cularly in advanced PCa (aPCa; 135 

Supplementary Figure S3+S4).  136 

The 67 hypermethylated regions were analyzed in our cfMeDIP-seq data and a synop]c 137 

methyla]on score was calculated, showing an increasing trend from controls to lPCa to aPCa 138 

in both plasma and urine (Fig. 1D). Advanced PCa pa]ents harbored significantly higher scores 139 

in urinary cfDNA; differences in plasma were not significant. The methyla]on score of 12 140 

plasma (7x lPCa, 5x aPCa) and 12 urine samples (4x lPCa, 8x aPCa) exceeded the ctDNA 141 
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 9 
 

detectability threshold. Five pa]ents had elevated scores in matched plasma and urine, with 142 

higher levels in urine. 143 

 144 

Complementary genomic profiling in plasma and urine improved ctDNA detec]on 145 

Genome-wide copy number varia]ons (CNVs) were profiled in plasma and urinary cfDNA via 146 

lcWGS, assessing ctDNA presence and es]ma]ng tumorfrac]ons.  147 

CtDNA was mainly detected in either plasma or urine, indica]ng complementary CNV profiles 148 

(two examples in Fig. 2A,B). Five plasma samples (3x lPCa, 2x aPCa) and eight urine samples 149 

(5x lPCa, 3x aPCa) harbored ctDNA (Supplementary Figure S5).  150 

In-silico size selec]on (90–150 bp) aimed to enrich for ctDNA, as previously shown12,21, 151 

increasing the number of ctDNA-posi]ve plasma samples to nine (5x lPCa, 4x aPCa). In urine, 152 

no op]mal size selec]on was iden]fied, due to heterogeneous cfDNA fragmenta]on 153 

(Supplementary Figure S5).  154 

 155 

The CIA score served as addi]onal genomic biomarker, targe]ng highly devia]ng regions to 156 

reduce background noise. Tumor samples had higher median CIA scores than controls in both 157 

fluids, with significant differences seen in urine between aPCa and controls or lPCa, 158 

respec]vely (both adjusted p = 0.008; Fig. 2C). Five plasma (3x lPCa, 2x aPCa) and 14 urine 159 

samples (7x lPCa, 7x aPCa), including one matched plasma-urine pair, exceeded the 160 

detectability threshold, indica]ng ctDNA presence.  161 

 162 

LBx samples with TFx >10% harbored recurrent genomic altera]ons, consistent with our 163 

findings in eight PCa ]ssue samples (Supplementary Figure S6) and known altera]ons in 164 

primary PCa2,22. Dele]ons in 5q, 6q, 8p, 13q, and 18 were present in >40% of both ]ssue and 165 
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LBx samples; gains in one ]ssue sample (3q, 5p, 7, 8q) were found in up to 60% of posi]ve LBx 166 

(Fig. 2D).  167 

 168 

Plasma and urinary cfDNA fragmenta]on differed between PCa pa]ents and controls  169 

We analyzed global cfDNA fragmenta]on profiles and various fragment length ranges 170 

(Supplementary Figures S7+S8) to iden]fy tumor-specific panerns and infer ctDNA presence. 171 

Plasma and urinary cfDNA fragmenta]on showed dis]nct characteris]cs, and differences 172 

between PCa pa]ents and controls (Fig. 3A,B). Plasma cfDNA fragmenta]on profiles exhibited 173 

a prominent 167 bp peak, represen]ng nucleosomal DNA wrapping (plus linker DNA), and 174 

addi]onal peaks (Fig. 3A; Supplementary Figure S9). Urinary cfDNA displayed a broader peak 175 

spanning 30–400 bp, though some samples contained an addi]onal peak at ~167 bp (Fig. 3B; 176 

Supplementary Figure S10). Both biofluids exhibited 10bp-oscilla]on panerns in fragments 177 

<150 bp (Fig. 3A,B). In urine, this panern was more pronounced and extended to longer 178 

fragments (150–300 bp; Supplementary Figure S10). Kolmogorov-Smirnov tes]ng revealed 179 

significant differences in plasma cfDNA fragmenta]on between PCa and controls (p < 0.01), 180 

but not in urine due to higher inter-sample variability (Supplementary Figures S9+S10). The 181 

most tumor-informa]ve plasma cfDNA fragmenta]on feature was the 10bp-oscilla]on 182 

panern, with scores decreasing from controls to lPCa to aPCa (Fig. 3C). Twelve tumor samples 183 

harbored 10bp-oscilla]on scores below the threshold (5th percen]le of controls), indica]ng 184 

ctDNA presence. In urine, PCa pa]ents showed increased propor]ons of fragments with 163–185 

169 bp length (Fig. 3C), especially for aPCa compared to controls (adjusted p = 0.036), with 186 

one tumor sample exceeding the ctDNA detectability threshold.   187 

  188 
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Mul]modal analyses enhanced ctDNA detec]on in PCa 189 

Single-parameter analyses yielded low to moderate ctDNA detec]on rates, with plasma cfDNA 190 

fragmenta]on performing best in lPCa, followed by the CIA score in urine and the methyla]on 191 

score in plasma; other parameters showed detec]on rates ≤10% (Fig. 4A). In aPCa, detec]on 192 

rates increased across all features, with the methyla]on score and the CIA score in urine 193 

showing the best performance, followed by the methyla]on score, TFx, and cfDNA 194 

fragmenta]on in plasma (Fig. 4A). Complementary plasma-urine analysis improved ctDNA 195 

detec]on, yielding the highest detec]on rate based on CIA score and methyla]on score for 196 

lPCa and aPCa.  197 

Beyond complementarity of the two biofluids, combining genomic and epigenomic markers 198 

further enhanced ctDNA detec]on (Fig. 4B). In lPCa, ctDNA was detectable in 20% of plasma 199 

and 14% of urine samples based on one (epi)genomic feature, one urine sample was posi]ve 200 

for three features, none for two or all four. In aPCa, 22% plasma samples were posi]ve for one 201 

feature, 11% for two, and 6% for three and four features, respec]vely; 17% of urine samples 202 

were posi]ve for one or three features, respec]vely. Considering all (epi)genomic cfDNA 203 

features in plasma and urine, ctDNA was detectable in 45% (33/73) of all PCa pa]ents based 204 

on at least one posi]ve result, including detec]on rates of 41.8% in lPCa and 55.5% in aPCa 205 

(Fig. 4B).  206 

Furthermore, ctDNA was present in 43% of lPCa and 67% of aPCa cases with prostate-specific 207 

an]gen (PSA) levels <10 ng/ml (Fig. 4C; Supplementary Tables S3+S4). Higher PSA levels 208 

correlated with an increasing number of posi]ve analyses in both groups, especially in aPCa.  209 
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4 Discussion 210 

This study evaluated genomic and epigenomic features in plasma and urinary cfDNA for 211 

ctDNA detection and risk stratification in newly diagnosed PCa. Our findings suggest that a 212 

multimodal approach provides a more comprehensive tumor characterization than single-213 

parameter analyses. Complementary assessment of plasma and urine further enhanced 214 

sensitivity and achieved a ctDNA detection rate of 45%, underscoring the value of multi-215 

source strategies. Epigenomic analyses revealed the best performance, with the 10bp-216 

oscillation score in plasma cfDNA excelling in lPCa, and the methylation score in both fluids in 217 

aPCa. Genome-wide cfDNA methylation profiling identified hypermethylation in regions 218 

associated with SOX2-OT, ZBTB46, and PTPRN2, distinguishing mPCa from non-mPCa and 219 

controls. These genes are linked to tumorigenesis, androgen signaling, and metastasis23-25, 220 

reinforcing the value of methylation analysis for PCa classification and risk stratification. 221 

Genomic analyses contributed complementary information in plasma and urine for lPCa and 222 

aPCa, with increasing genomic instability observed with aPCa.  223 

Multimodal LBx has potential to complement current diagnostics. Our findings indicated that 224 

higher PSA levels correlated with increased ctDNA detection, particularly in aPCa. For PSA >10 225 

ng/ml, positive LBx findings could help distinguishing aggressive lPCa from aPCa, guiding risk-226 

stratified treatment decisions toward surgery, multimodal therapy, or systemic treatment. 227 

CtDNA was also detectable in cases with PSA <10 ng/ml, emphasizing its promising diagnostic 228 

value for patients with inconclusive PSA values, refining risk stratification at multiple points. 229 

CfDNA analyses may support decision-making in cases of ambiguous imaging findings and 230 

guide further diagnostics, potentially reducing unnecessary procedures.  231 
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Our ctDNA detection rates aligned with prior studies, confirming higher sensitivities in 232 

mPCa26, while highlighting challenges in lPCa7,8. We demonstrate that multimodal analyses in 233 

two biofluids improved detection rates—a comprehensive approach not previously reported 234 

in newly diagnosed PCa. While complementary plasma-urine analyses are rare in PCa27,28, 235 

multimodal strategies have reinforced their potential for improved diagnostic accuracy in 236 

other malignancies21,29-31. Our analysis included (epi)genomic features previously shown to 237 

support tumor characterization. Mouliere et al. observed that cfDNA fragmentation patterns, 238 

including the 10bp-oscillation score, differed between tumor and control samples12,32. CNV 239 

analyses in plasma cfDNA using lcWGS were shown to detect ctDNA, predominantly in 240 

mPCa8,33. Methylation analyses showed promise for sensitive ctDNA detection through 241 

targeted approaches in plasma and urine from PCa patients34,35, as well as genome-wide 242 

profiling coupled with machine-learning classifiers which distinguished mPCa from lPCa or 243 

controls20,36. 244 

Future research benefits from technological and bioinformatic advances to improve 245 

diagnostic sensitivity, particularly in early-stage PCa. Integrating multiple cfDNA parameters, 246 

as demonstrated in this study, or combining them with further data modalities (e.g., imaging) 247 

represent promising strategies for improved risk stratification, guiding clinical decision-248 

making. CfDNA monitoring could refine therapeutic decisions at initial diagnosis and provide 249 

insights into treatment response and tumor progression for patients under systemic therapy. 250 

Larger prospective studies are essential to validate these findings and to assess their clinical 251 

applicability37,38. 252 

Some limitations need to be addressed. The small sample size limited statistical power and 253 

generalizability of our findings. Although our approach improved ctDNA detection, 254 
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sensitivities remained low, particularly for lPCa. Moreover, cfMeDIP-seq harbors limitations, 255 

including antibody-dependent enrichment biases, and underrepresentation of 256 

hypomethylation14.  257 
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5 Conclusion 258 

Integra]ng mul]ple (epi)genomic cfDNA biomarkers from two LBx sources improved 259 

detec]on performance and risk stra]fica]on for PCa. Our findings supported the poten]al of 260 

mul]modal LBx to complement PSA tes]ng, par]cularly in cases with inconclusive PSA levels. 261 

The moderate costs and rapid turnaround ]me of cfDNA-based assays support their feasibility 262 

for clinical implementa]on. With ongoing technological progress, mul]modal LBx approaches 263 

offer poten]al to improve clinical decision-making and contribute to future advancements in 264 

precision oncology, with possible transla]on to other urological malignancies.265 
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Table 1: Pa.ents and LBx sample overview. PCa stages were determined based on UICC (stage I-IV) 39 
and D’Amico Risk Classifica.on40. LBx = Liquid Biopsy, M0/M1 = presence/absence of distant 
metastases, MRI = magne.c resonance imaging, N1 = presence of lymph node metastases, GS = 
Gleason Score, NA = data not available, n = number, PCa = prostate cancer, PSA = prostate-specific 
an.gen, UICC = Union for Interna.onal Cancer control, ‡ one pa.ent had addi.onal sample collec.on 
a`er one year with upgrade to PCa GS 7b, *one sample excluded a`er sequencing quality control 

PCa, localized disease (stage I-III)  (n = 55) 
age, median (range) 66 (49–80) 
PSA level (ng/ml), median (range) 7.7 (2.7–40.0) 
smoking status, %current smokers 0%, NA: 1 
positive family history, %yes 12%, NA: 4 
 plasma urine 
low risk 4‡ 3‡ 
    GS 6 (n = 4) 4 3 
intermediate risk 42 38* 
    GS 7a (n = 37) 37 33* 
    GS 7b (n = 5) 5 5 
high-risk 9 9 
    GS 7a/7b  (n = 2) 2 2 
    GS 8 (n = 1) 1 1 
    GS 9 (n = 6) 6 6 

PCa, disseminated disease (stage IV)  (n = 18) 
age, median (range) 65 (58–75) 
PSA level (ng/ml), median (range) 18.8 (4.1–249.0) 
smoking status, %current smokers 17% 
positive family history, %yes 33% 
 plasma urine 
lymph node metastases, N1 M0 9 9 
    GS 7a/7b  (n = 4) 4 4 
    GS 8 (n = 1) 1 1 
    GS 9 (n = 4) 4 4 
distant metastases, M1 9 9 
    GS 7a/7b  (n = 3) 3 3 
    GS 8 (n = 3) 3 3 
    GS 9 (n = 2) 2 2 
    GS 10 (n = 1) 1 1 

control cohort 
 

(n = 36) 
age, median (range) 58 (37–74) 
PSA level (ng/ml), median (range) 1.95 (0.26–13.1) 
smoking status, %current smokers 26%, NA: 2 
positive family history, %yes 12%, NA: 2 
 plasma urine 
controls with PSA <2 ng/ml (n = 20) 20 20 
controls with PSA >2 ng/ml (n = 16) 
no evidence of malignancy on MRI and 
prostate biopsy  

16 15 
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Fig. 1: Genome-wide methyla.on profiling in PCa .ssue and LBx samples. (A) Results from the 
determina.on of DMRs between mPCa pa.ents and non-mPCa pa.ents or controls, respec.vely, in 
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plasma and urinary cfDNA. (B) Determina.on of DMRs between PCa .ssue and matched buffy coat 
samples revealed significant (adjusted p < 0.01), hyper- and hypomethylated regions in PCa. 
Iden.fied 6015 hypermethylated regions (300 bp windows) with log2 fold change > 2 in PCa .ssue 
compared to buffy coat were compared to TOP 100 hypermethylated DMRs (500 bp windows) 
obtained from an external data set (Börno et. al17), and 67 common regions (300 bp windows) were 
iden.fied. Tissue-informed methyla.on markers were applied to cfMeDIP-seq data from LBx 
samples. (C) Le`: Genomic annota.on of 67 methyla.on marker regions; loca.on within 3’ or 5’UTR, 
distal intergenic region, downstream region, exon or intron, promotor region. Right: Genomic 
annota.on and assessment of CpG-associated landscapes (island, open sea, shelf, shore) within the 
67 methyla.on marker regions. (D) Methyla.on scores (median of beta-values in 67 methyla.on 
marker regions) in plasma cfDNA (le`) or urinary cfDNA (right) from cancer-free controls, lPCa 
pa.ents, and aPCa pa.ents. Each dot represents one sample. Box plot center lines indicate the 
median, and boxes illustrate the interquar.le range with Tukey whiskers. The three cohorts were 
compared using Kruskal-Wallis tes.ng, followed by Dunn’s post hoc test. Only significant differences 
are shown. adj. p = adjusted p value, aPCa = advanced prostate cancer, bp = base pair, cfDNA = cell-
free DNA, DMR = differen.ally methylated region, LBx = Liquid Biopsy, lPCa = localized prostate 
cancer, M0 / M1 = absence/presence of distant metastases, mPCa = metasta.c prostate cancer, n = 
number, PCa = prostate cancer, PTPRN2 = protein tyrosine phosphatase receptor type N2, SOX2-OT 
= SOX2 overlapping transcript, UTR = untranslated region, ZBTB46 = zinc finger and BTB domain 
containing 46 
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Fig. 2: Genomic analysis in plasma and urinary cfDNA. (A) Complementary CNV profiles of plasma 
(le`, booom) and urine (le`, top) samples from one pa.ent with locally advanced PCa. Dis.nct CNVs 
were observed in the urine sample, while the plasma sample showed only few altera.ons. Right: 

metastatic PCa, Gleason 8 (N1 M1), PSA: 30.9 ng/ml

locally advanced PCa, Gleason 8 (N1 M0); PSA = 4.3 ng/ml
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Plasma and urinary cfDNA fragmenta.on profiles of the pa.ent´s samples differed from the median 
profiles of all tumor and control samples. (B) Complementary CNV profiles of plasma (le`, top) and 
urine (le`, booom) samples from one pa.ent with mPCa. Dis.nct CNVs were observed in the plasma 
sample, while the urine sample showed only few altera.ons. Right: Plasma and urinary cfDNA 
fragmenta.on profiles of the pa.ent´s samples differed from the median profiles of all tumor and 
control samples. (C) CIA scores in plasma cfDNA (le`) or urinary cfDNA (right) from cancer-free 
controls, lPCa pa.ents, and aPCa pa.ents. Each dot represents one sample. Box plot center lines 
indicate the median, and boxes illustrate the interquar.le range with Tukey whiskers. The three 
cohorts were compared using Kruskal-Wallis tes.ng, followed by Dunn’s post hoc test. Only 
significant differences are shown. (D) Summary of recurrent amplifica.ons and dele.ons in LBx 
samples (gray color) and eight PCa .ssue samples (blue/turquoise color). Only LBx and PCa .ssue 
samples with detectable CNVs and an es.mated TFx > 10% were considered (PCa .ssue: n = 5, LBx: 
n = 9). The y-axis indicates the frequency of a detected copy number state at the chromosomal 
coordinate specified on the x-axis across the samples. Areas shaded in gray represent the q-arm of 
the respec.ve chromosome. chr = chromosome, CIA = chromosomal instability analysis, CNV = copy 
number varia.on, N0/N1 = absence/presence of lymph node metastases, TFx = tumorfrac.on    
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Fig. 3: Fragmenta.on analysis of plasma and urinary cfDNA. (A) Le`: Single plasma cfDNA 
fragmenta.on profiles of lPCa and aPCa pa.ents, along with the median fragmenta.on profile of all 
cancer-free controls. Right: Plasma cfDNA fragmenta.on profiles (30–150 bp fragment length) 
exhibi.ng a 10bp-oscilla.on paoern with local maxima and minima at 10 bp intervals. Median 
fragmenta.on profiles are shown for all samples from lPCa pa.ents, aPCa pa.ents and cancer-free 
controls. (B) Le`: Single urinary cfDNA fragmenta.on profiles of lPCa and aPCa pa.ents, along with 
the median fragmenta.on profile of all cancer-free controls. Right: Urinary cfDNA fragmenta.on 
profiles, represented as median profiles of all samples from lPCa pa.ents, aPCa pa.ents and cancer-
free controls. Fragment length range 163–169 bp is highlighted. (A+B) Y-axis: Rela.ve frequencies 
of cfDNA fragments with specific length (bp) compared to all fragments (30–700 bp length). Ver.cal 
dooed grey line(s) indicate 167 bp and its mul.ple, 334 bp (2x167 bp). (C) Le`: 10bp-oscilla.on 
scores (calculated based on the devia.on between the sum of the height of all local maxima and 
the sum of the depth of all local minima) in plasma cfDNA from cancer-free controls, lPCa pa.ents, 
and aPCa pa.ents. Right: P163–169 bp values in urinary cfDNA from cancer-free controls, lPCa 
pa.ents, and aPCa pa.ents. Le`, right: Box plot center lines indicate the median, and boxes illustrate 
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the interquar.le range with Tukey whiskers. Each dot represents one sample. The three cohorts 
were compared using Kruskal-Wallis tes.ng, followed by Dunn’s post hoc test. Only significant 
differences are shown. P163–169 bp = propor.on of fragments with length 163-169 bp in rela.on 
to all fragments 
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Fig. 4: PCa detec.on and risk stra.fica.on based on mul.modal LBx analyses. (A) Detec.on rates 
of tumor signals (ctDNA) in plasma and urine samples from lPCa (top) and aPCa (booom) pa.ents 
based on the four (epi)genomic analyses: 1) es.mated TFx based on the CNV analysis with ichorCNA 
(plasma: analysis with in-silico size selec.on for 90–150bp fragments, urine: analysis without size 
selec.on), 2) CIA score, 3) methyla.on score, 4) cfDNA fragmenta.on (10bp-oscilla.on score in 
plasma cfDNA, P163–169 bp in urinary cfDNA). Detec.on rates (percentages, %) are shown 
separately for plasma and urine, in matched plasma and urine, and based on the complementary 
analysis combining results in both plasma and urine. Overall, 68 PCa pa.ents harbored matched 
plasma and urine samples; 4 lPCa pa.ents with missing urine samples. (B) Oncoprint with results 
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from genomic (es.mated TFx based on CNVs, CIA score) and epigenomic (cfDNA fragmenta.on 
features, methyla.on score) analyses in plasma and urinary cfDNA. Pa.ents with detectable ctDNA 
in the respec.ve analyses are indicated with colored .les. White .les represent non-available urine 
samples (n = 4). The bar plot on top depicts the number of posi.ve analyses per pa.ent. The second-
to-last row represents the number of PCa pa.ents with posi.ve signal in at least one analysis (“any 
posi.ve signal”; colored .les). (C) Associa.on between the number of posi.ve LBx analyses and PSA 
levels for lPCa and aPCa pa.ents. Le`: Distribu.on of pa.ents based on the number of posi.ve 
tumor signals detected (0, 1, 2, 3, or 4 out of 4 analyses) in rela.on to PSA levels (< 4 ng/mL, 4–10 
ng/mL, and > 10 ng/mL). Localized and aPCa are shown separately. Total numbers are depicted 
above each bar. Tumor signal posi.vity is determined using complementary analysis in plasma and 
urine across the four (epi)genomic assessments: TFx, CIA score, cfDNA fragmenta.on features, and 
methyla.on score. Right: Alterna.ve representa.on of the data, displaying the number of pa.ents 
within each PSA category (< 4 ng/mL, 4–10 ng/mL, and > 10 ng/mL) who show detectable ctDNA in 
0,1,2,3 or 4 out of 4 analyses. Localized and aPCa are shown separately. Total numbers are depicted 
above each bar. ctDNA = circula.ng tumor-derived DNA, # = number of, PSA = prostate-specific 
an.gen 

 
 


